A systematic modular approach to investigate the respective roles of the ocean and atmosphere in setting El Niño characteristics in coupled general circulation models is presented. Several state-of-the-art coupled models sharing either the same atmosphere or the same ocean are compared. Major results include 1) the dominant role of the atmosphere model in setting El Niño characteristics (periodicity and base amplitude) and errors (regularity) and 2) the considerable improvement of simulated El Niño power spectra-toward lower frequency-when the atmosphere resolution is significantly increased. Likely reasons for such behavior are briefly discussed. It is argued that this new modular strategy represents a generic approach to identifying the source of both coupled mechanisms and model error and will provide a methodology for guiding model improvement.
Introduction
Errors in the simulation of El Niño have been cited in the Intergovernmental Panel on Climate Change (IPCC) Third Assessment Report (Houghton et al. 2001) as a major source of uncertainty in projections of future climate change. Indeed, current state-of-the-art coupled models display a wide diversity of behavior and concomitant skill. In an attempt to understand the source of errors in these models, a number of intercomparison studies, which have documented the mean climate and variability of the tropical Pacific region, have been initiated (Neelin et al. 1992; Mechoso et al. 1995; Delecluse et al. 1998; Latif et al. 2001; Davey et al. 2001; AchutaRao and Sperber 2002) . These studies highlighted the diverse behavior of coupled GCMs, with a wide range of amplitudes, periodicities, and seasonalities in the simulations of El Niño. They concluded, explicitly or implicitly, that ''model diversity makes it difficult to clearly identify the origin of model deficiencies.'' Sev-eral strategies have been proposed to overcome the limitation of these previous comparisons. Some studies have explored the reasons for the ENSO behavior in particular models by changing a fixed set of parameterizations and/or resolution in one of the components (Raynaud et al. 2000; Meehl et al. 2001) as previously done with simpler ENSO models (Schopf and Suarez 1990; Kirtman 1997; Fedorov and Philander 2000) . This approach has clear benefits for understanding the behavior of a particular model but, because of the diversity of coupled model behavior, does not guarantee that the feedbacks dominant in one particular model may apply to others or that common biases among models can be attributed to common factors. Schneider (2002) went one step further in comparing the tropical mean state of two coupled models by swapping either the numerics and/or the parameterization of the two atmosphere models. The exploration of multimodel ensemble El Niño forecasts also led to the coupling of several atmosphere models together with ocean models (Schneider et al. 2003) . These recent studies attributed most of the model errors in the mean state or in the El Niño forecast to the atmospheric component.
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The modular coupling approach and associated ocean and atmosphere GCMs used in this study. The horizontal resolution of the configurations used are specified. TABLE 1. Description of the simulations and associated modularity (shared components). The actual length of simulations may be longer ; the length refers to the subset used here. The ECHAM4-T106/OPA-mod is a rerun of the ECHAM-T106/OPA simulation with a modified coupling (see text). ENSO frequencies are the dominant power(s) as defined by peaks above 0.7 in the normalized spectra shown in Fig. 3 . The ENSO amplitude is computed as the standard deviation of the Niño-3 region (5ЊS-5ЊN, 150Њ-90ЊW) SST anomalies. roles of the ocean and atmosphere in setting the amplitude and frequency of El Niño in a number of coupled models. A systematic modular approach is used where one component model (ocean or atmosphere) is coupled to a number of models of the other component (atmosphere or ocean) and integrated for more than 100 yr. We argue that this represents a generic approach to identify the source of model error and will provide a mechanism for guiding model improvement. The focus of this letter is on the behavior of El Niño, its amplitude, regularity, and periodicity. A detailed analysis of the possible mechanisms that may give rise to the El Niño characteristics described here will be the subject of a later, more extensive study but are discussed in general terms at the end of the letter.
Methodology
Several recent collaborative projects in Europe-most notably the European Union (EU) Framework Programme V (FP5) Scale Interactions Experiments (SIN-TEX; see special issue of Ann. Geophys., 2003, Vol. 46, No. X) Valcke et al. 2000) .
Here we describe the results from seven global coupled simulations of at least 100 yr long, using various combinations of four different atmospheric GCMs and four different ocean GCMs ( Fig. 1 ; Table 1 ). We can identify different (sometimes overlapping) families: 1) the ECHAM family, with the Hamburg atmospheric model ECHAM4 at several resolutions and coupled to two different ocean models; 2) the HadAM3 family, sharing the atmosphere component of the Met Office Unified Model, but again differing oceans; and 3) the OPA family, sharing the LODYC global ocean model. In all cases, no flux correction is used and the resolution of the components (shown in Fig. 1 ) is standard, except for the high-resolution ECHAM4-T106/OPA simulation. It is important to note that the common component of each family has not been independently ''tuned'' for each of the coupled models; in each case, the atmosphere (ocean) module is exactly the same, and, in some cases, even the same binary executable.
Several of these coupled models have been studied individually by other authors who have documented their ENSO behavior in some detail. As in the previous intercomparison of coupled models (Latif et al. 2001; Davey et al. 2001; AchutaRao and Sperber 2002) , the various model combinations given in Table 1 simulate the mean state and the seasonal cycle of the tropical Pacific with some fidelity (Fig. 2) . Most have the correct seasonal phase locking of El Niño, that is, the El Niño SST anomalies peak in boreal winter (Fig. 2b) . In these respects they can be considered state-of-the-art coupled models. Nevertheless, model atmosphere families exhibit marked differences. For instance, the ECHAM4/ OPA family has a smaller (but closer to observed) standard deviation than the HadAM3 family together with a weaker seasonal phase lock (Table 1 and Fig. 2b ).
Results
In this paper, we focus exclusively on the behavior of El Niño as described by the SST variability in the equatorial eastern Pacific. The normalized power spectra of the monthly SST anomalies in the Niño-3 region, (5ЊS-5ЊN, 150Њ-90ЊW) are shown in Fig. 3 . The spectra are computed using a Tukey filtering with a 20-yr window. Based on the individual analysis of significant peaks for each nonnormalized time series, a common normalized significance threshold of 0.7 is defined (Fig.  3) . The reference observations are obtained from 100 yr (1900-99) of the Hadley Centre Sea Ice and Sea Surface Temperature (HadISST1.1) dataset (Rayner et al. 2003) . These spectra show the dominant time scales of low-frequency, interannual variability in the various model combinations and in the real world. The observed spectrum shows that El Niño has two dominant time scales, one near 5 yr and the other close to 3.5 yr.
The spectra from the various coupled models display some interesting characteristics. First, and with the notable exception of the high atmosphere resolution ECHAM4-T106/OPA coupled model, none of the coupled models capture the low-frequency mode of the observed phenomenon. Instead, all show a marked concentration of power at a single, preferred-too highfrequency. This apparent regularity is a well-known feature of coarse coupled GCMs and is confirmed by a sample of Niño-3 SST anomaly time series (Figs. 4a,b) compared to observations (Fig. 4d) . However, the most striking result in Fig. 3a is the clear separation in El Niño periodicity between the HadAM3 and ECHAM4 families, with the former preferring a 3-yr and the latter a 2-yr El Niño cycle, regardless of which ocean component is used. This result, demonstrating that the atmosphere model apparently has a dominant influence on the periodicity of El Niño in coupled GCMs, will be discussed later.
The role of the atmosphere model in controlling the periodicity of El Niño, suggested by Fig. 3a , is further reinforced by the results shown in Fig. 3b where the impact of atmospheric model resolution is highlighted. Effectively, the varying resolution versions of ECHAM4 are behaving as different atmospheric models because they handle the nonlinear interactions in space and time differently. The various resolutions of the ECHAM4 atmosphere model demonstrate a remarkable influence on the El Niño periodicity. As the resolution VOLUME 17 increases, the simulated El Niño becomes less regular ( Fig. 4c; cf. Fig. 4a ), and the power at lower frequencies is significantly increased (Fig. 3b) . For an atmospheric resolution of T106 (about 1Њ), the model has considerably more power at frequencies near 3.5 and 5.5 yr (even though the dominant period is still at 2.6 yr), close to the observed spectra. Such low-frequency behavior has not previously been simulated with coupled GCMs (AchutaRao and Sperber 2002) and is a major new result of this study.
As a measure of El Niño amplitude, the standard deviation of the Niño-3 SST time series is shown in Table  1 . Again, by considering the ECHAM4 and HadAM3 families separately, it is apparent that the atmosphere controls the overall level of El Niño activity, although the ocean can modulate it substantially. For example, in the ECHAM4 family, the amplitude of El Niño tends to be weaker than in the HadAM3 family, particularly when the models that share the OPA ocean code are compared. However, within both families, changing the ocean model has a large effect on the activity of El Niño.
From these results, we can identify three prominent features of the modeled El Niño behavior that can be attributed to the atmosphere model: 1) the concentration of power around a dominant mode (regularity); 2) the major role of the atmosphere model in determining the periodicity and amplitude; and 3) the strong impact of atmospheric resolution on the regularity and periodicity of El Niño. Although the ocean model appears to modulate the amplitude (but not the periodicity) of El Niño, its role in setting the characteristics of El Niño in the present coupled GCMs appears to be a secondary one.
Discussion
The results described above demonstrate a dominant role for the atmosphere model in determining El Niño characteristics in coupled GCMs. Whereas most earlier work appeals to delays inherent in ocean wave propagation (Schopf and Suarez 1988; Battisti and Hirst 1989; Jin and Neelin 1993; Kirtman 1997; Jin 1997; Fedorov and Philander 2000) , a number of studies point to likely reasons for this result.
First, the coupling strength between the ocean and the atmosphere has been shown to be a key parameter for El Niño frequency in simple coupled models (Zebiak and Cane 1987; Fedorov and Philander 2000) . Physically, the coupling strength measures how strongly the atmospheric winds respond to SST anomalies. In the delayed oscillator model, for example, the larger this coupling strength, the longer the El Niño period and the larger its amplitude. In coupled GCMs there is no direct, tunable parameter for the coupling strength, but it can nevertheless vary from one model to another due to variations in the parameterizations of boundary layer, convective processes, or coupling techniques, in partic-ular. The atmosphere models used in the present study all have stronger-than-observed trade winds. This reduces their sensitivity to SST changes, 2 hence the coupling strength, and eventually shortens the periodicity of El Niño (Fedorov and Philander 2000) .
The models used in this study have different grids and use different interpolation techniques. This can modify the way in which each component ''sees'' the other's physics, hence the potential coupling strength. For instance, the equatorial signal in the ocean is strongest in the wave guide, that is, [2ЊS, 2ЊN] , and is blurred by the coupling when interpolated to a 4Њ atmosphere grid. To understand if the improvement of the ECHAM4-T106/OPA model comes from a better resolution of the ocean-atmosphere coupling, an additional simulation is made (ECHAM4-T106/OPA-mod). In this simulation, the interpolation to and from the atmosphere model is degraded to a T30 resolution, using the interpolation procedure of the ECHAM4-T30/OPA model. The standard deviation of the Niño-3 SST anomalies of the ECHAM4-T106/OPA-mod becomes closer to that of the ECHAM4-T30/OPA model (Fig. 2b) , especially outside the spring period, and the low-frequency behavior is somewhat reduced in ECHAM4-T106/OPAmod when compared to ECHAM4-T106/OPA (Fig. 3b) , even though it is still stronger than in the ECHAM4-T30/OPA model. These results indeed suggest that part of the improvement seen when the atmosphere resolution is increased comes from a better grasp of the details of the modeled SST structures. But they also demonstrate that the qualitative changes obtained when the atmospheric resolution is increased are due to other atmosphere-only processes.
Second, several studies have suggested that the meridional extent of the atmospheric response to tropical SST anomalies can influence the frequency of El Niño (Schopf and Suarez 1990; Kirtman 1997; , with a broader meridional response of the wind generating forced Rossby waves farther off of the equator. These provide a slower negative feedback to the El Niño turnabout in the west Pacific, lengthening the period between two El Niño events. It is notable that a general problem with coupled models (and of those in this study) is the equatorial confinement of the SST signal associated with El Niño (Davey et al. 2001 ). This bias is somewhat corrected in the ECHAM4-T106/ OPA model 3 and may explain the improved El Niño behavior. More generally, the change of the mean state of the modeled climate may contribute significantly to the present results.
The regularity of the simulated El Niño occurs re-gardless of the formulation of the ocean model, again suggesting that it is related to the atmosphere. Several studies have suggested a central role of ''stochastic forcing,'' mainly provided by the atmosphere, in the stability of the tropical coupled system (Hasselman 1976) . Experiments conducted with hybrid coupled models (ocean GCM and statistical atmosphere) have shown that adding a stochastic component to the wind field significantly broadened the El Niño spectral peak (toward lower frequency), hence increasing its irregularity (Kleeman and Moore 1997; Blanke et al. 1997; Eckert and Latif 1997; ZavalaGaray et al. 2003) . Such stochastic forcing includes intraseasonal atmospheric variability, and there is increasing evidence that the Madden-Julian oscillation (MJO) may play a crucial role in the initiation and amplification of El Niño (Lengaigne et al. 2004) , as was believed to be the case for the 1997/98 event (McPhaden 1999) . A notable feature of many AGCMs is their inability to simulate the MJO (Slingo et al. 1996) . Although there is some evidence that the MJO is better simulated in coupled models, basic-state errors in the tropical Pacific prevent its propagation eastward and limit westerly wind activity over the equatorial west Pacific (Inness et al. 2003) . Hence, it is likely that the combination of weak intraseasonal activity and basicstate errors may limit the stochastic forcing of El Niño by the atmosphere model and contribute to its regularity. A full assessment of the characteristic of the stochastic forcing of the different AGCMs used here is needed to conclude on this point. Other studies (Tziperman et al. 1994 (Tziperman et al. , 1997 have discussed the irregularity of El Niño in the context of simplified ocean-atmosphere models and argued that it is consistent with a low-order chaotic system interacting with the seasonal cycle. The natural oscillator of the equatorial Pacific coupled ocean-atmosphere system can enter into nonlinear resonance with the seasonal cycle at several periods of the oscillator (mostly 2-5 yr). Although the robustness of these results in fully coupled GCMs remains to be shown, these studies may help to relate the regularity of the simulated El Niño to errors in the seasonal cycle or to a lack of seasonal interactions within the equatorial Pacific coupled oceanatmosphere system-both likely in present-day coarse coupled GCMs.
The apparent secondary role played by the ocean can be understood in terms of ocean equatorial dynamics (mostly through Kelvin and forced Rossby waves) whose time scales are fairly predictable. Once these waves are adequately resolved, as is the case for the models used here, an ocean GCM may have little influence on the frequency of El Niño, although the details of the ocean model's physics (e.g., mixing processes) may critically affect the amplitude of El Niño. This argument is supported by the results of this study and others (Cane et al. 1990; Raynaud et al. 2000; Meehl et al. 2001; Schneider 2002; Schneider et al. 2003) . However, it is important to stress that the limitations of VOLUME 17
current atmospheric GCMs, which are major contributors to basic-state errors in coupled models, may be a factor in their dominant role; once these limitations are overcome, the importance of the ocean may reemerge, in agreement with present El Niño theories.
Concluding remarks
This study provides evidence of the dominant role of the atmosphere model in determining El Niño characteristics in present-day state-of-the-art coupled models. Even though this emphasis may be due to shortcomings in present-day atmosphere GCMs, a number of likely mechanisms are put forward to explain it. The major improvements seen when atmospheric resolution is increased agree with studies showing that nonlinear processes (mainly provided by the atmosphere as stochastic motions) are required to transfer El Niño variability power to low frequencies (Munnich et al. 1991; R. Caballero, 2004, personal communication) .
This letter also demonstrates the considerable potential of a modular approach to coupled ocean-atmosphere modeling for understanding key drivers of El Niño, and for attributing errors to a specific model component, thus accelerating model development. Although the methodology is used here to elucidate the diversity of El Niño behavior, it can be extended to other modes of variability where coupled processes may matter.
The current study is limited to three model families and clearly a more systematic program of modular coupling experiments would reap additional benefits. This will be facilitated by the multi-institution standardization infrastructure projects underway both in Europe [through the EU FP5 Programme for Integrated Earth System Modelling (PRISM); available online at www.prism.enes.org] and in the United States [Earth System Modeling Framework (ESMF); available online at www.esmf.ucar.edu]. As earth system models combine more and more components, the modular strategy will be a powerful way to understand the intricacies of their complex, nonlinear coupled interactions and guide future model development.
